The density dependence of the symmetry energy, instrumental in understanding the behaviour of the asymmetric nuclear matter, is investigated within the extended relativistic mean field (ERMF) model which includes the contributions from the self and mixed interaction terms for the scalar-isoscalar (σ), vectorisoscalar (ω) and vector-isovector (ρ) mesons upto the quartic order. Each of the 26 different parameterizations of the ERMF model employed are compatible with the bulk properties of the finite nuclei. The behaviour of the symmetry energy for several parameter sets are found to be consistent with the empirical constraints on them as extracted from the analyses of the isospin diffusion data. The neutron-skin thickness in the 208 Pb nucleus for these parameter sets of the ERMF model lie in the range of ∼ 0.20 − 0.24 fm which is in harmony with the ones predicted by the Skyrme Hartree-Fock model. We also investigate the role of various mixed interaction terms which are crucial for the density dependence of the symmetry energy.
I. INTRODUCTION
The accurate knowledge of the equation of state (EOS) for asymmetric nuclear matter is important in understanding the structure of finite nuclei away from the stability line and critical issues in astrophysics. The EOS for asymmetric nuclear matter is mainly governed by the density dependence of the nuclear symmetry energy. Indeed, significant progress has been made in understanding the behaviour of the symmetry energy at the subnormal densities from the analyses of the isospin diffusion data in heavy ion collision [1] [2] [3] [4] and from the available data for the neutron skin thickness of several nuclei [5] . The constraints on the density dependence of the nuclear symmetry energy as extracted from the isospin diffusion data agree with the ones deduced from the isoscaling analyses of isotope ratios in intermediate energy heavy-ion collisions [6] . The experimental data on the isotopic dependence of the nuclear giant monopole resonance in even-A Sn isotopes [7, 8] also provides some informations on the nuclear symmetry energy which is in agreement with those derived from the analyses of the isospin diffusion data. The behaviour of nuclear symmetry energy at supranormal densities is largely unknown. Theoretically, at supranormal densities, even the issue of whether the symmetry energy increases or decreases with density still remains unresolved.
The precise measurements of the properties of the compact stars and the transport model analyses of the heavy-ion collisions at intermediate and high energies can provide some constraints on the high density behaviour of the symmetry energy.
The density dependence of symmetry energy obtained using the Skyrme Hartree-Fock models have been confronted with the constraints extracted by analyzing the isospin diffusion data [9] . The symmetry energy and its slope and the curvature parameter at the saturation density for only four out of 21 different parameter sets of the Skyrme interactions are found to be consistent with the ones extracted from the isospin diffusion data [9] . It may be pointed out that all of these four parameter sets are obtained by fitting the experimental data for the binding energies and charge radii for finite nuclei. Scenario is not the same when the similar investigation [10] is carried out using three different versions of the relativistic mean field (RMF) models, namely, (i) models with meson field self interaction (ii) models with density dependent meson-nucleon couplings and (iii) point coupling models without meson fields. Out of 23 parameter sets of these RMF models, only a few are found to yield symmetry energies and their density dependence which are consistent with the empirical constraints imposed by isospin diffusion data. In particular, 10 different parameter sets were considered for the model (i), but, only two of them could yield behaviour of the symmetry energy consistent with the empirical constraints. Both of these parameter sets are obtained using nuclear matter observables, instead of fit to the bulk properties of finite nuclei. The density dependence of the symmetry energy is studied also for several other parameter sets of the RMF model [11] . None of these parameter sets yield acceptable results for the density dependence of the symmetry energy. Very recently [12] , density dependence of the symmetry energy has been studied using extended relativistic mean-field (ERMF) model which includes the contributions from self and mixed interaction terms for the σ, ω and ρ mesons upto the quartic order.
Even in the ERMF model, the density dependence of the symmetry energy obtained for several parameter sets are found to be inadequate. One of the existing parameter set is fine tuned in Ref. [12] so that the resulting behaviour of the symmetry energy can fulfill the empirical constraints on them. However, this parameter set is not capable of reproducing the experimental data on the bulk properties of finite nuclei. We would like to emphasize that the ERMF model, due to the presence of the various mixed interaction terms, can yield wide variations in the density dependence of the symmetry energy without affecting the quality of the fit to the bulk properties of finite nuclei [13, 14] . Nevertheless, the slope of the symmetry energy at the saturation density or alternatively the neutron-skin thickness for the parameter sets of the ERMF model considered in Ref. [12] are either too low or quite high.
In the present work we investigate the density dependence of the symmetry energy using 26 different parameterizations of the ERMF model. All the parameterizations of the ERMF model considered are obtained by fitting the experimental data on the binding energy and charge radius for the finite nuclei. Furthermore, these parameter sets yield the neutron-skin thickness in 208 Pb nucleus which vary over a wide range from 0.16 − 0.28 fm. We find that quite a few of these parameterizations can fulfill the empirical constraints on the symmetry energy. Role of various mixed interaction terms are also investigated.
The paper is organized as follows. In Sec. II we describe the ERMF model in brief. In Sec.
III, we provide the expressions used to compute various quantities associated with the nuclear matter along with the empirical constraints on them. In Sec. IV, the results obtained using different parameterizations of the ERMF model are confronted with the empirical constraints on the symmetry energy as extracted from the analyses of the isospin diffusion data. The role of mixed interaction terms of the ERMF model which are important in determining the variations in the density dependence of the symmetry energy is investigated in Sec. V. In Sec. VI we state our conclusions.
II. EXTENDED RELATIVISTIC MEAN FIELD MODEL
The ERMF model includes the contributions from the self and mixed interaction terms for the scalar-isoscalar (σ), vector-isoscalar (ω) and vector-isovector (ρ) mesons upto the quartic order.
Mixed interaction terms involving ρ-meson field enables one to vary the density dependence of the symmetry energy coefficient and the neutron skin thickness in heavy nuclei over a wide range without affecting the other properties of finite nuclei [13, 14] . The contribution from the self interaction of ω-mesons plays important role in varying the high density behaviour of the EOS and also prevents instabilities in the calculation of the EOS [15, 16] . On the other hand expectation value of the ρ-meson field is order of magnitude smaller than that for the ω-meson field [17] . Thus, inclusion of the ρ-meson self interaction can affect the properties of the finite nuclei and neutron stars only very marginally [16] . The effective Lagrangian density for the ERMF model can be written as,
where the nucleonic and mesonic Lagrangian L NM can be written as,
Here, the sum is taken over the neutrons and protons. τ are the isospin matrices. The Lagrangian describing self interactions for σ, ω, and ρ mesons can be written as,
The ω µν , ρ µν are field tensors corresponding to the ω and ρ mesons, and can be defined as
The mixed interactions of σ, ω, and ρ mesons L σωρ can be written as,
The L em is Lagrangian for electromagnetic interactions and can be expressed as,
where, A is the photon filed and
The equation of motion for nucleons, mesons and photons can be derived from the Lagrangian density defined in Eq.(1). The contributions from Eq. (7) are included only for the case of finite nuclei.
III. EMPIRICAL CONSTRAINTS ON SYMMETRY ENERGY
The symmetry energy E sym , slope L and curvature K sym can be evaluated as,
where, ρ 0 is the saturation density, E(ρ, δ) is the energy per nucleon at a given density ρ and asymmetry δ = (ρ n −ρ p )/ρ. The density dependence of the symmetry energy can also be expressed in terms of E sym (ρ), L and K sym as,
The above equation represent very well the behaviour of the symmetry energy at subnormal densities. At supranormal densities, one needs to include in Eq. (12) the contributions of higher order terms [18] . We also evaluate,
The E 0 (ρ) = E(ρ, δ = 0) is the energy per nucleon for symmetric nuclear matter. The K 0 is the incompressibility coefficient of the symmetric nuclear matter at the saturation density which together with K sat,2 can yield the value of incompressibility coefficient for asymmetric nuclear matter [18] . The constraints on the values of E sym , L, K asy [1] [2] [3] , K 0 [7, 8, [19] [20] [21] [22] [23] [24] , K sat,2 [18] are,
IV. ASYMMETRIC NUCLEAR MATTER AND NEUTRON-SKIN
We study the properties of asymmetric nuclear matter for 26 different parameterizations of the [28], TM1 [15] and TM1
* [29] .
The density dependence of the symmetry energy E sym (ρ) plays central role in understanding the behaviour of the asymmetric nuclear matter. The E sym (ρ) at subnormal densities can be expressed in terms of the E sym (ρ 0 ), slope L and the curvature K sym or K asy as given by Eq. (12). We mainly focus on the values of E sym (ρ 0 ), L and K asy as obtained for different parameterizations of the ERMF model. In addition, we also calculate the curvature parameter K sat,2 (Eq. 15) which together with K 0 yields the values for the incompressibility coefficient for the asymmetric nuclear matter [18] .
In Table I Table I, predicted ∆R = 0.18−0.26 fm. Thus, the empirical constraints extracted from the isospin diffusion data predict more or less model independent values for the neutron-skin thickness. In Ref. [12] , various parameter sets of the ERMF model considered are the FSUGZ00, FSUGZ03, FSUGZ06
and G2. For these cases, ∆R is either ∼ 0.19 or ∼ 0.26 fm (see also Table I ). These values of ∆R are seem to be either little smaller or quite larger. Consequently, none of the parameter sets considered in Ref. [12] are consistent with all the constraints of Eq. (17).
The symmetry energy and its density dependence in the ERMF model is mainly governed by values of the coupling strengths g ρ , η ρ , η 1ρ and η 2ρ (Eqs. 2 and 6). The strengths η ρ , η 1ρ and η 2ρ determines the contributions of the mixed interaction terms which account for the coupling of the isoscalar σ and ω mesons to the isovector ρ mesons. It may be emphasized, in the conventional RMF models, the contributions of these mixed interaction terms are ignored (i.e., η ρ = η 1ρ = η 2ρ = 0). We have used our parameter sets BSR1 -BSR21 to look into the variations of the g ρ , η ρ , η 1ρ and η 2ρ with ∆R. As an illustration, in Fig. 3 , we plot the values of the g ρ /4π, η ρ , η 1ρ and η 2ρ
for the parameter sets BSR8 − BSR14 which correspond to different values of ∆R with ζ = 0.03.
Scenario for the parameter sets BSR1-BSR7 and BSR15-BSR21 (not shown here) is analogous to that of BSR8 − BSR14. We can see from 
V. ROLE OF MIXED INTERACTIONS
We would like to investigate the role of various mixed interaction terms which are crucial in determining the density dependence of the symmetry energy. In particular, we investigate the effects of the terms which account for the coupling of the isoscalar σ and ω mesons to the isovector ρ mesons. The coupling constants for these terms are η ρ , η 1ρ or η 2ρ (Eq. 6). The term with coupling constant η ρ is of the cubic order in the meson fields. Whereas, the terms with η 1ρ and η 2ρ are of quartic order in the meson fields. Our objective is to delineate the effects of these cubic and quartic order mixed interaction terms. For this purpose, we generate two different families of interactions.
For the first family of interactions F1, we put η 1ρ = η 2ρ = 0 and fit the remaining coupling constants using appropriate set of experimental data for the bulk properties of finite nuclei. But, the coupling constants η 1ρ and η 2ρ are also included in the fit for the second family F2. Thus, the behaviour of the symmetry energy for the F1 family is governed by the coupling constants g ρ and η ρ only. In case of the F2 family, the behaviour of the symmetry energy depends additionally on η 1ρ and η 2ρ .
For both the families we obtain the parameter sets corresponding to different values of ∆R in the range of 0.18 − 0.26 fm with fixed ζ = 0.03. The procedure for calibrating the parameters of the model as well as the set of experimental data for the binding energies and charge radii used here are exactly the same as in Ref. [27] . In addition, the parameters are also subjected to the empirical constraints of Eq. (17).
In Fig. 4 we plot our results for the rms errors on the total binding energies and charge radii.
We see that quality of the fits to the total binding energies and charge radii are more or less the same for both the F1 and F2 families of interactions, except for ∆R 0.2 fm. Therefore, it appears that the quartic order mixed interaction terms with coupling constants η 1ρ and η 2ρ are redundant.
More precisely, one might say that the values of η 1ρ and η 2ρ can not be appropriately determined by the bulk properties of the finite nuclei. These quartic order terms might play important role in fixing the behaviour of the symmetry energy at supranormal densities which is largely unknown at present. It can be easily concluded from Fig. 4 that the most preferred value for the neutron-skin thickness in the 208 Pb nucleus within the ERMF model is ∆R ∼ 0.22. In Table II , we give the parameter sets for the F1 family of interactions obtained for different values of ∆R. These parameter sets are named as BKA20, BKA22 and BKA24 which correspond to ∆R = 0.20, 0.22 and 0.24 fm, respectively. In Table III , we present the results for the various quantities associated with the symmetric and asymmetric nuclear matter calculated at the saturation density using the parameter sets BKA20, BKA22 and BKA24. For the sake of completeness, we have repeated our calculation for ∆R = 0.22 fm with η ρ = η 1ρ = η 2ρ = 0. In this case, the rms errors δB = 4.8 MeV and δr ch = 0.05 fm are significantly higher compared to the ones obtained for the F1 and F2 families.
Thus, the contributions of the mixed interaction terms seem indispensable in order to satisfy simultaneously the empirical constraints on the density dependence of the symmetry energy as well as the experimental data on the bulk properties of the finite nuclei.
VI. CONCLUSIONS
The density dependence of symmetry energy and the incompressibility coefficient for the asym- Hartree-Fock model [9] . We have investigated the role of the cubic and quartic order mixed interaction terms which are crucial for the density dependence of the symmetry energy. It is utmost important to include the contributions at least from the cubic order term to incorporate the empirical constraints on the density dependence of the symmetry energy without affecting the quality of the fit to the bulk properties of the finite nuclei. The mixed interaction terms of the quartic order might be important to obtain the appropriate behaviour of the symmetry energy at supranormal densities which is largely unknown. given by Eqs. (13) (14) (15) . The values for the neutron-skin thickness ∆R for the 208 Pb nucleus are also listed.
The superscript 'a' on several parameter sets indicate that they satisfy the constraints of Eq. (17) very well. 
